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example,	 it	 is	 estimated	 that	 one-	fifth	 of	 the	UK’s	 electrical	 supply	
could	 ultimately	 come	 from	marine	 (wave	 and	 tidal	 stream)	 sources	
(Callaghan,	2010).	Tidal	energy	extraction	is	typically	carried	out	using	
subsurface	 turbines	 that	 extract	 energy	 from	 tidally	 driven	 moving	
water.	Although	 there	are	a	wide	 range	of	different	designs	of	 tidal	
turbines,	the	majority	have	moving	horizontal	axis	rotors	that	operate	
in	a	similar	fashion	to	wind	turbines.
Currently,	 there	 is	 a	 high	 level	 of	 uncertainty	 surrounding	 the	
nature	and	extent	of	any	environmental	 impacts	of	tidal	turbines	on	
marine	 species	 (marine	 mammals	 in	 particular)	 (Inger	 et	al.,	 2009).	
However,	there	 is	evidence	to	suggest	that	marine	mammals	are	at-
tracted	to	tidally	energetic	sites	(Benjamins	et	al.,	2015;	Hastie	et	al.,	
2016;	 Zamon,	 2001)	 and	 the	 likely	 co-	occurrence	 between	 these	
species	and	 tidal	 turbines	has	 led	 to	concerns	about	potential	envi-
ronmental	 impacts.	Concerns	derive	primarily	 from	the	potential	 for	
physical	injury	through	direct	contact	with	moving	structures	or	parts	
of	 the	devices	 (Wilson,	Batty,	Daunt,	&	Carter,	2007).	Other	poten-
tial	 impacts	 include	 the	exclusion	of	marine	mammals	 from	suitable	
habitats	by	presenting	physical	or	perceptual	 (as	a	result	of	acoustic	
emissions)	barriers	to	movement.
Faced	with	 uncertainty	 about	 the	 risks	 of	 interactions	 between	
tidal	 turbines	and	marine	mammals,	a	common	approach	 is	 to	carry	
out	collision	risk	modelling	 (Scottish	Natural	Heritage,	2016;	Wilson	
et	al.,	2007).	This	is	an	approach	that	has	been	adapted	from	methods	
used	 to	 predict	 the	 impacts	 of	wind	 turbines	 on	birds	 and	quantify	
collision	 risk	 based	on	 the	 structure	 and	operation	 of	 turbines,	 and	






prediction	 of	 the	 likelihood	 of	 encounter	 in	 the	 absence	 of	 any	
avoidance.	This	 likelihood	can	 then	be	modified	using	 information	
on	 avoidance	 at	 two	 different	 scales.	At	 a	medium	 scale,	 of	 hun-
dreds	of	metres,	 animals	might	avoid	 the	 turbine	 site	 leading	 to	a	
reduction	in	the	rate	of	close	encounters.	At	a	finer	scale,	of	metres,	
individuals	might	 respond	 directly	 to	 evade	 collision	with	 specific	
parts	of	a	turbine	(e.g.	the	rotor	blades).	At	present,	however,	there	
are	no	empirical	data	on	whether	marine	mammals	exhibit	appropri-
ate	 responsive	movements	at	either	of	 these	scales	 to	 reduce	 the	
potential	 for	 collisions	with	 tidal	 turbines.	 This	 data	 gap	 severely	
limits	the	effective	prediction	of	impacts	on	marine	mammals	which	
has	 the	potential	 to	 curtail	 acceptance	of	new	proposals,	 and	 can	
create	barriers	to	commercial	 introduction	of	tidal	energy	technol-
ogy	(Hastie	et	al.,	2014).
The	 paucity	 of	 data	 on	 behaviour	 around	 turbines	 is	 primarily	




Greene,	Malme,	&	Thomson,	 1995),	 it	 seems	 likely	 that	 sound	 pro-
duced	 by	 operating	 turbines	 would	 provide	 the	 most	 likely	 means	
for	marine	mammals	to	detect	and	locate	turbines.	Therefore,	in	this	
study,	we	 investigate	 the	behaviour	of	 a	marine	mammal	 species	 in	












5°39′15.25″W).	 The	 channel	 runs	 from	 north	 to	 south,	 is	 c.	 4	km	
long	 and	 450	m	 wide	 (Figure	1).	 Water	 depths	 within	 the	 channel	
are	generally	less	than	30	m	and	tidal	currents	can	reach	over	4	m/s 
(Wilson,	Benjamins,	&	Elliott,	2013).	There	has	been	interest	in	devel-
oping	part	 of	 the	 channel	 for	 renewable	 energy;	 proposals	 have	 in-
cluded	plans	for	an	array	of	four	tidal	turbines	with	an	8	MW	capacity	
(https://tethys.pnnl.gov/annex-iv-sites/kyle-rhea-tidal-stream-array-






Seals	were	 captured	while	 hauled	 out	 on,	 or	 in	 the	water	 adjacent	
to,	 intertidal	 rocks	using	hand	or	 seine	nets	and	anaesthetised	with	
a	mass	specific	 i.v.	dose	of	Zoletil®	 in	combination	with	Hypnovel®. 
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pinnipeds,	renewable	energy,	seals,	tidal	turbines,	underwater	noise

































65154 Female 82.6 138 102 6 75
65155 Female 76.2 140 102 5 67
65156 Male 81.6 154 106 6 54
65157 Male 89.4 151 112 6 96
65159 Male 80.2 143 112 8 98
65161 Female 86.4 140 108 9 59
65162 Male 68.2 143 99 6 67
65163 Male 87.2 160 106 12 82
65164 Female 76.0 — 93 4 80
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Three	 base	 stations	 were	 placed	 at	 vantage	 points	 overlooking	
nearby	haul	out	sites	(Figure	1).	Data	were	subsequently	downloaded	
from	the	base	stations	periodically	either	by	connecting	them	to	a	lap-











Tracker;	 EMU	 Systems,	 Scotts	 Valley,	 CA,	 USA)	 using	 a	 1,000	W	
power	 amplifier	 (Kenwood	KAC7204;	 London,	UK)	 through	an	un-
derwater	 speaker.	 The	 speaker	 (J11	 projector;	 Naval	 Undersea	
Warfare	 Center	 Division,	 Newport	 Underwater	 Sound	 Reference	
Division,	RI,	USA)	was	mounted	on	a	pole	and	deployed	c. 1 m below 
the	transom	of	the	boat.	Full	calibration	of	the	playback	system	(data	




The	acoustic	 signal	used	was	a	simulated	 tidal	 turbine	 (Figure	2;	
described	in	the	Supporting	Information).	This	was	based	on	record-
ings	of	a	1.2	MW	tidal	energy	convertor	(SeaGen)	installed	by	Marine	
Current	 Turbines	 Ltd	 in	 the	 narrow	 entrance	 to	 Strangford	 Lough,	
Northern	Ireland	(54.3574°N,	5.5412°W)	(Robinson	&	Lepper,	2013).	
The	 broadband	 RMS	 source	 level	 of	 the	 playbacks	 was	 175	dB	 re	
1 μPa-m(RMS)	 (Table	2),	which	was	 designed	 to	 reflect	 the	 estimated	
RMS	source	level	of	the	real	turbine	(174	dB	re	1	μPa-m(RMS))	(Robinson	
&	Lepper,	2013).






26	July	2013	 (Figure	S1);	 playback	 start	 times	varied	between	06.00	
and	18.40	hr	and	were	random	with	respect	to	stage	of	tide.
The	 broadband	 RMS	 received	 level	 (RL)	 at	 each	 seal	 location	
within	 the	 channel	was	estimated	using	 a	 series	of	 range	depen-
dent	Energy	Flux	acoustic	transmission	loss	models	(Weston,	1971).	
These	 took	 account	 of	 bathymetry	 (Crown	 Copyright/SeaZone	
































     |  5Journal of Applied EcologyHASTIE ET Al.
Solutions.	All	Rights	Reserved.	052006.001,	31	July	2011)	and	as-
sumed	a	stony	seabed	with	sediment	sound	velocity	of	1,788	m/s	
and	 density	 of	 2,000	kg/m3.	 The	 water	 sound	 velocity	 was	 as-
sumed	to	be	1,490	m/s.	In	addition,	the	effects	of	variation	in	tide	
height	(0–6	m:	POLTIPS;	version	3.4.0.3/10),	wind	speed	(0–7	m/s:	
using	 the	 visual	 observations	 from	 shore)	 and	 the	 orientation	 of	
the	 playback	 boat	 (which	 in	 turn	 influenced	 the	 directionality	 of	
the	 underwater	 speaker)	were	 accounted	 for	 in	 the	 transmission	







seals	 at	 the	water	 surface	within	 the	 study	 area	 (up	 to	 a	maximum	
range	of	c.	2,500	m	from	the	observation	locations)	were	made	using	
binoculars	 (Monk	 Nereus	 7	×	50)	 every	 10	min,	 with	 scans	 lasting	
c.	 5	min	 in	duration,	 during	which	 the	number	of	 seals	 sighted	was	






Times	between	these	bouts	of	observations	varied	between	c. 1 and 
5	days	(Figure	S1).
2.5 | Statistical analyses: Changes in seal abundance
Previous	analyses	of	changes	 in	the	numbers	of	seals	sighted	in	the	
water	from	the	land-	based	visual	observations	showed	significant	pat-
terns	 in	 the	numbers	of	 seals	 sighted	with	 tidal	 state,	 time	of	year,	
and	observer	ID.	Thus,	 in	addition	to	our	covariate	of	interest,	play-
back	 status,	we	 also	 included	 these	 variables	 here;	 data	 and	 previ-













the	 errors	 are	 assumed	 independent.	 Using	 robust	 sandwich-	based	





















amounted	 to	 a	 mean	 of	 1,345	 (SD	=	546,	 range	=	268–1,886)	 lo-
cations	per	seal.	Data	were	 limited	to	 interpolated	 locations	when	
seals	were	at	sea	(i.e.	not	hauled	out),	and	to	periods	when	the	12-	
hr	playback	files	were	being	played.	Each	 location	was	coded	as	0	
or	 1	 depending	 on	whether	 the	 silent	 control	 or	 the	 tidal	 turbine	
signal	was	being	played	at	the	corresponding	time.	There	were	ap-
proximately	equal	numbers	of	interpolated	seal	locations	during	the	





In	order	 to	address	question	1,	we	modelled	 the	distance	 (square-	
root	transformed)	of	seals	from	the	playback	device	(m)	as	a	function	
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of	 the	playback	 signal	 (silent	or	 turbine	 signal)	using	GAMs	with	a	
Gaussian	 error	 distribution	 and	 an	 identity-	link	 function	 within	 a	
GEE	 framework	 as	 described	 above.	The	GEE	panel	 specified	was	
seal	tag	ID	which	meant	that	confidence	intervals	were	robust	to	the	
presence	of	residual	autocorrelation	within	each	seal	track.	Unlike	a	
mixed	effect	 framework	which	provides	predictions	 that	 represent	
an	average	 (unsampled)	 seal,	 the	predicted	 response	within	a	GEE	
framework	is	a	population	mean	(i.e.	the	same	as	a	GAM).	The	reg-














playback	 vessel.	 If	 there	was	 no	 displacement	 during	 playback,	 one	
would	 expect	 a	 constant	 probability	 of	 c.	 0.5	 at	 all	 distances	 from	
device	and	thus	no	significant	effect	of	distance.	Under	the	scenario	





where U	 is	 the	percentage	change	 in	usage	by	 seals,	Psig	 is	 the	pre-
dicted	probability	 that	a	seal	 location	 is	within	a	 turbine	signal	play-



















3.2 | Spatial responses to playbacks
All	 tags	 continued	 to	 transmit	 during	 the	 behavioural	 response	 tri-
als	and	each	of	the	seals	was	exposed	to	sound	from	the	playbacks.	
(1)U=−2 × (Pn−Psig)×100









Results	 of	 the	GAMs	 of	 seal	 distance	 as	 a	 function	 of	 playback	
signal	showed	that	there	was	a	significant	increase	in	the	distance	of	
seals	from	the	playback	location	during	turbine	playbacks	(χ2	=	13.1,	
df	=	1,	 p	<	.001);	 predicted	 mean	 distance	was	 841	 (95%	 CIs	 820–
863)	m	during	silent	playbacks	and	865	(95%	CIs	845–885)	m	during	
turbine	playbacks.	Results	of	the	GAMs	to	test	the	spatial	extent	of	
displacement	 showed	 that	 the	 distance	 from	 the	 playback	 location	
was	 a	 significant	 predictor	 of	 the	 probability	 that	 a	 location	 was	
within	 a	 turbine	 playback	 period	 (χ2	=	18.4,	 df	=	3,	 p	=	.004)	 rather	
than	a	 silent	 control	period.	The	 relationship	was	 relatively	 flat	 at	 a	
mean	probability	of	c. 0.5 beyond c.	500	m	indicating	no	response	to	
playback;	 however,	 at	 closer	 ranges	 (<500	m),	 the	mean	 probability	
dropped	 below	0.5	 to	 a	minimum	of	 0.35	 at	 the	 playback	 location.	
In	other	words,	there	was	evidence	that	seals	exhibited	avoidance	of	




and	9%	 (M	=	5%)	during	playback	 (Figure	6).	Up	 to	 ranges	of	500	m	





















Variable df χ2 p
Observer 5 589 <.0001
Julian	day 20 1,863 <.0001
Tidal	state 4 268 <.0001
Playback	signal 1 1 .34

































visual	 scans	were	 large	 enough	 to	 provide	 robust	 comparisons	 be-














































gest	 tidal	 currents	which	was	c.	 700	m	 from	 the	playback	 location.	
This	may	be	important	when	extrapolating	from	these	data	to	make	





status),	 and	 external	 factors	 such	 as	 background	 noise,	 availability	
of	prey	or	 intra-	and	 interspecific	competition	 (Götz	&	Janik,	2010).	
Given	this,	the	levels	of	avoidance	by	seals	may	be	markedly	different	
in	 areas	 or	 at	 times	where	 their	motivation	 to	 remain	 in	 an	 area	 is	
different.	Further,	when	considering	responses	to	future	turbines,	 it	
is	important	to	highlight	that	information	on	the	acoustic	character-






be	 relatively	 high	 compared	 to	 other	 turbines	 (Robinson	 &	 Lepper,	
2013).
In	 the	 current	 study,	 the	 median	 received	 level	 within	 the	 zone	












2002)	 showed	 that	 seals	 responded	 to	 the	 calls	 of	 unfamiliar	 killer	
whale (Orcinus orca)	calls	but	not	to	familiar	ones.	Deecke	et	al.	(2002)	
highlight	 that	 seals	 probably	 use	 selective	 habituation	 to	 reduce	 the	
probability	 of	 predation;	 this	 predicts	 that	 seals	 start	with	 a	 general	
acoustic	 image	of	a	predator	or	threat	from	which	harmless	cues	are	
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responses	 shown	 here	 and	 only	 through	 exposure	 to	 real	 operating	
tidal	turbines	and	appropriate	monitoring	will	the	long-	term	nature	of	











the	 spatial	 scales	 measured	 here	 (>500	m)	 have	 the	 potential	 to	
lead	to	more	chronic	negative	effects	 in	certain	contexts.	For	ex-
ample,	there	may	be	costs	associated	with	avoidance	if	these	occur	
within	 key	 foraging	 areas	 for	 seals;	 avoidance	 of	 acoustic	 signals	
could	 lead	 to	 increased	 foraging	competition	or	 reduced	 foraging	
opportunities.	 Further,	 where	 turbines	 are	 deployed	 in	 narrow	
channels,	 there	 is	 the	 potential	 that	 avoidance	 at	 these	 scales	
could	 lead	 to	 turbines	 being	 perceived	 as	 barriers	 to	 movement	
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